In this study, X-ray absorption near-edge structure (XANES), extended X-ray absorption fine structure (EXAFS), X-ray magnetic circular dichroism (XMCD) and element-and site-specific magnetic hysteresis (ESMH) are used to elucidate the effect of geometry (0-3-and 2-2-type) on the magnetic properties of reduction of the magnetic moments in the 2-2-type composite was larger than that in the 0-3-type composite. The reduction of the magnetic moments in the composites was attributable to the formation of anti-phase boundaries owing to the compressive strain in CFO, which is the largest strain in the 2-2-type composite. Based on the Ti L 3,2 -edge XMCD measurements of the CFO-PTO composites, no induced magnetic moment was observed at the Ti sites in the PTO matrix, excluding the possibility that the Ti ions in the PTO matrix affect the magnetic properties of these CFO-PTO composites.
Introduction
Multiferroics with co-existing magnetism and ferroelectricity have attracted intensive fundamental and technological research interest owing to the magnetoelectric (ME) coupling effect, which allows the magnetic and electric properties to be controlled by varying the applied electric and magnetic fields, respectively. [1] [2] [3] [4] [5] Recent studies have divided multiferroic materials into two classes of single-phase and multi-phase systems, based on their material constituents. 2 Many efforts have been made to develop single-phase multiferroic materials (perovskite oxides) whose magnetic ordering can be controlled by application of an electric field and vice versa. 6, 7 However, the structural, chemical and coupling of ferroelectric and magnetic properties of single-phase multiferroics are still not fully understood. 7 At room temperature (RT), multi-phase composites exhibit a larger ME response than single-phase multiferroics. 8 The ME coupling has been understood to originate from the bonding at the interface and is mediated by interfacial stress, which modifies the electric and magnetic properties of the multiferroics. 9, 10 Accordingly, the strength of ME coupling is strongly related to the strain fields of various geometries of phase segregation in multi-phase systems, such as multiferroics with dispersed particles (0-3-type) and those with layered-structures (2-2-type). [10] [11] [12] The notation "0-3-type" refers to the fact that the magnetic nanoparticles (0) are embedded in the ferroelectric matrix (3), whereas ''2-2-type'' refers to a horizontal heterostructure with alternating ferroelectric (2) and magnetic (2) layers that are grown as a thin film on the substrate. Different geometries (like the 0-3-type particulate and 2-2-type laminate composites) and materials (ferroelectric and ferromagnetic) were used to produce multiphase multiferroics with various ME properties. 2, 8 CoFe 2 O 4 (CFO)-PbTiO 3 (PTO) has recently been used widely in strain-driven ferrimagnetic-ferroelectric multiferroics, because it simultaneously exhibits strong magnetization and electric polarization and most importantly a ME coupling that is three to five orders larger than that of the single-phase multiferroics at RT. [12] [13] [14] [15] [16] Levin et al. 15 demonstrated that the morphologies of self-assembled CFO-PTO multiferroic nanostructures could be varied over a wide range by changing the orientation of the substrates and phase fraction to modify the epitaxial stress in the film/interface. Murakami et al. To elucidate the correlation between the magnetic properties and the geometry-dependent strain-mediated interaction in the CFO-PTO composite multiferroics, the local atomic structures and magnetic properties of the 0-3-and 2-2-type CFO-PTO composites were investigated in detail using X-ray absorption near-edge structure (XANES), extended X-ray absorption fine structure (EXAFS), X-ray magnetic circular dichroism (XMCD) and element-and site-specific magnetic hysteresis (ESMH) methods. The saturation magnetization of the CFO-PTO composites was smaller than that of the bare CFO powder because of the formation of anti-phase boundaries (APBs), 25 which depended strongly on the CFO strain in the 0-3-and 2-2-type composites.
Experimental details

Synthesis of CFO-PTO composites
The 0-3-and 2-2-type CFO-PTO composite multiferroics were fabricated by the sol-gel and spin-coating method. The PTO gel was formed by dissolving lead acetate trihydrate and titanium isopropoxide into 2-methoxyethanol, and the solution was then simultaneously stirred and heated for 30 min. 0.3 M CFO gel was made from cobalt nitrate hexahydrate and iron nitrate nonahydrate using the same process. To produce the 0-3-type multiferroics, the CFO powders were mixed with PTO gel in a molar ratio of 0.8 : 1 and then the mixed gels were spin-coated on the Pt/Si substrate several times. The 2-2-type multiferroic was fabricated by spin-coating one layer of PTO on Pt/Si and then pre-baking at 500 uC for three minutes. The coating and baking of CFO and PTO gels were repeated to form (2p/2c) 3 /2p/Pt/Si, where "2p" and "2c" refer to the two layers of PTO and CFO, respectively, and the superscript ''3'' denotes the three multi-layers. Finally, the 0-3-and 2-2-type samples were annealed at 750 uC for 1.5 h. The bare CFO and PTO powders (as the reference samples) were made by similar procedures: the CFO and the PTO samples were dried and solidified and then illuminated with a 400 W infrared lamp for two days. The resulting solids were heated to 165 uC for 1 h.
and then were ground into powders. Their structures, magnetic properties and interfacial phonons have been characterized in detail elsewhere. 26 
Characterization
The crystalline structures of the 0-3-and 2-2-type composites and the reference CFO and PTO powders were characterized by X-ray diffraction (XRD). The morphology of the composites was verified by transmission electron microscopy (TEM). The magnetic hysteresis loops were recorded using a superconducting quantum interference device (SQUID 3. Results and discussion Fig. 1(a) presents the XRD patterns of the 0-3-and 2-2-type composites and the reference CFO and PTO powders. The XRD patterns of the CFO-PTO composites were observed to resemble closely those of the reference CFO and PTO powders. In Fig. 1(a) , the layers of planes with various orientations in CFO and PTO are also labeled. The peaks that correspond to Si and Pt (in the substrates) are indicated by * and #, respectively. The PTO powders yielded two peaks at y21.4u and 22.7u that correspond to the (001) and (100) planes, respectively. 29, 30 The CFO-PTO composites yield significantly different XRD intensities for the (001) and (100) planes, which are magnified in Fig. 1 (b). Table 1 presents the I (100) /I (001) ratio, a, c, c/a and the strain (in %) of the samples. The crystallographic parameters were calculated using the standard Refined Rietveld technique. Clearly, the PTO lattice constant c (a) in the composites is smaller (larger) than that in the PTO powder in consistence with the larger I (100) /I (001) ratio in the composites than in bare PTO, which suggests that the c axis lies closer to the in-plane direction. 31 The c axis of the 2-2-type composite was observed to lie closer to the in-plane direction than that of the 0-3-type composite, which also exhibits small macro tetragonality (c/a). As indicated in Table 1 , the CFO lattice constant a in the composites is smaller than that in the CFO powder. The lattice constants of PTO are a = 3.862 Å and c = 4.019 Å, whereas those of CFO and Pt are 8.387 Å and 3.924 Å, respectively. The observed compressive strain in CFO in the composites is given in Table 1 , which is probably given rise by the fact that the lattice mismatch at the interface between CFO and PTO is larger (almost double). The effect from Pt surface is expected to be minor in strain due to (111) orientation of Pt film surface. According to our XRD result, the peak present at y40u corresponds the (111) plane of Pt film. The strain in the composites was calculated using the following formula.
, where Da is the difference between the lattice constants of CFO in the composites and those in the CFO powder, and a is the lattice constant of the CFO powder. The larger compressive strain in the 2-2-type than in the 0-3-type, as shown in Table 1 , was attributable to the difference between the geometries of CFO and PTO in the composites. saturation magnetization of y2.7 m B /f.u. and coercivity (H c ) of y1.87 kOe. The saturation magnetization and coercivity in out-of-plane hysteresis loops are slightly larger than those of the in-plane hysteresis loops in the composites. The temperature dependent zero field cold curves and hysteresis loops of 0-3-and 2-2-type composites revealed both types of composites exhibit non-vanished magnetization as the temperature varying from 2 K to 350 K (not shown here), indicating that the Curie temperature of both systems must be higher than the room temperature. The higher magnetization was also observed at throughout temperature range (from 2 K to 350 K) of 0-3-type compared to 2-2-type sample. 32 The positions of the main features in the FT spectra at the Co K-edge are similar to those at the Fe K-edge, indicating similarity between the local atomic environments of Co and Fe cations at the A-and B-sites in the composites and the CFO powder. Fig. 2(a) shows that the PTO matrix or strain does not significantly alter the Fe-O and Fe-M bond distances in CFO in the composites. In contrast, Fig. 2(b) reveals that the Co-O and Co-M bond distances are increased slightly with respect to those in the CFO powder. The higher intensity of the FT spectra of the composites at both the Fe and Co K-edge than those of the CFO powder is attributable to the fact that the Fe and Co sites in the composites favor structural ordering, resulting in smaller Debye-Waller (DW) factors. Notably, when redistribution or migration of Fe and Co cations from one site to another occur in CFO in the composites, a change in the ratio of the intensities of the features at the A-and B-sites in the FT spectra is seen (the intensity of one feature is reduced and that of the other is increased), causing the DW factors of the composites to exceed those of the CFO power. As presented in Fig. 2 To determine whether the Co ions are located at both A-and B-sites as the Fe ions in CFO, Fig. 2(c) and 2(d) 
, where DR is the difference between the two bond distances at different sites. Accordingly, k b is extracted from the FT spectra of NN Fe-O in Fig. 2(a) and Co-O in Fig. 2(b respectively. The values of DR in the composites at both Fe and Co K-edge are slightly larger than those of the CFO powder because of the compressive strain in CFO, which changes the difference between the two NN Fe-O and Co-O bond distances at the A-and B-sites in the composites. The beating points in the 0-3-and 2-2-type composites and the reference CFO powder provide further evidence of the presence of Fe and Co ions at both A-and B-sites, which conclusively proves that the CFO sample, unlike Fe 3 O 4 , has a mixed-spinel structure not a completely inverse spinel structure. Fig. 3 (a) and 3(b) (top three panels) display the Co and Fe L 3,2 -edge XANES spectra, respectively, with the photo-helicity of incident X-rays parallel (m + ) and anti-parallel (m 2 ) to the direction of magnetization of the 0-3-and 2-2-type composites and the CFO powder. The Co (Fe) L 3,2 -edge XANES (m + and m 2 ) spectra of the 0-3-and 2-2-type composites and the CFO powder shown in Fig. 3(a) [Fig. 3(b) ] exhibit two broad features in the ranges 777-785 eV (705-715 eV) and 792-799 eV (718-727 eV), which are attributable to Co (Fe) 2p 3/2 A 3d and 2p 1/2 A 3d dipole transitions, respectively. Fig. 3(a) ions at the B-site. Apparently, the intensity of XMCD at both the Co and Fe L 3 -edge in the composites is considerably smaller than those in the CFO powder. The 2-2-type composite has an even lower XMCD intensity than the 0-3-type composite, as presented in Fig. 3 (a) and 3(b) (second panel from bottom), indicating that the magnetic moments at both the Co and Fe cations in CFO are smaller in the composites in consistence with the measurements of the magnetization hysteresis loops shown in Fig. 1 (e). As mentioned above, if the cations were redistributed or if they migrated from one site to another in the composites but not in the CFO powder, then the ratios of feature intensities at the A-and B-sites in the XMCD spectra would be observed to be very different (since the intensity of one feature would be lower and that of the other would be higher). 39 However, as displayed in Fig. 3 This result is also consistent with the EXAFS result stated above. Most magnetic moments in CFO have been suggested to be located at the Co 2+ cations. 33 The ions at both A-and B-sites, and the spin and orbital moments that are associated with the specific sites in CFO may not be determined directly and accurately from the XMCD curves using the sum-rules. A reasonable ratio between the orbital and spin moments in 3d-transitional metals is typically lower than 10%, according to the literature. [42] [43] [44] Applying the sumrules to the XMCD spectra with Co 2+ ions at two sites may yield an unreasonably large value for the orbital moment of the Co ions in CFO 33 . Therefore, the results of the sum-rules calculation based on the XMCD spectra are not presented herein. Fig. 4 (a) and 4(b) present the ESMH loops that are associated with the Co 2+ , Fe 3+ and Fe 2+ cations at the A-and B-sites, respectively, to elucidate the element-and site-specific magnetic properties of the 0-3-and 2-2-type composites and the CFO powder. The measurements were made by recording the XMCD intensity as a function of the magnetic field at the characteristic energies of 779.1 eV and 780.1 eV for Co 2+ at the A-and B-sites, respectively, and 708.6 eV, 709.8 eV and 710.5 eV for Fe 2+ at the B-site, and Fe 3+ at the A-and B-sites, respectively. The characteristic energy selections for the specific sites are based on the results of the LFM model and the XMCD spectra that are presented in Fig. 3(a) and 3(b) . The ESMH loop in Fig. 4(a) demonstrates that Co 2+ is present at both A-and B-sites, with opposite directions of magnetization.
The magnetization values at both sites in the composites are smaller than that of the CFO powder. Notably, the strength of the magnetic moment of the Co 2+ ions at the B-site in the composites and the CFO powder is at least three times larger than that at the A-site. With respect to the ESMH loop of the Fe cations shown in Fig. 4(b) , the Fe 3+ and Fe 2+ ions at the B-site have the same magnetization direction whereas the Fe 3+ ions at the A-site have the opposite magnetization direction. The composites exhibited smaller magnetization of the Fe cations at both A-and B-sites than did the CFO powder. Importantly, the strength of the magnetic moment of the Fe 3+ ions at both A-and B-sites in the composites and the CFO power was almost equal to each other, indicating no net contribution by the Fe 3+ ions owing to AFM interaction at both A-and B-sites, such that the net magnetic moment arises mostly from the Fe 2+ ions at the B-site and with a strength that is close to that of the Co +2 ions. This result clearly supports the fact that the net magnetic moments in CFO result from both Co 2+ and Fe
2+
cations at the B-site. Fig. 4 (c) presents the total ESMH, which was contributed by all the Co
, Fe 3+ and Fe 2+ cations at the Aand B-sites as shown in Fig. 4 (a) and 4(b), respectively. The total magnetic moments of both Co and Fe cations at the Aand B-sites were observed to be lower in the composites than in the CFO powder, which is also consistent with the results concerning the magnetic hysteresis loop that are displayed in Fig. 1(e) . As stated above, Garcia-Barriocanal et al. 24 observed direct evidence of the effect of the interface on the magnetic properties of the LMO-STO epitaxial system. The novel properties of the interface arise from a combination of titanate and manganite, in which the presence of a Ti-O-Mn bond provides an interaction path between the 'magnetic', e.g., electrons of Mn and the nominally 'non-magnetic' t 2g electrons of Ti, causing an interesting magnetic response. To elucidate the possible effect of PTO or Ti ions on the magnetic properties of the 0-3-and 2-2-type composites, Fig. 5 shows the Ti L 3,2 -edge XANES spectra with the photo-helicity of incident X-rays parallel (m + ) and anti-parallel (m 2 ) to the magnetization direction for the composites and the reference PTO powder. Interestingly, the intensity of feature A 2 * or the ratio between the intensities of features A 2 * and A 2 of the 0-3-type composite is closer to that of the PTO powder than that of the 2-2-type composite because the 0-3-type sample is incorporated with the CFO nanoparticles that were dispersed in the PTO matrix, and the strained PTO was under less stress from the boundary of the CFO nanoparticles. The fact that the 0-3-type composite had a smaller local structural distortion of the TiO 6 octahedra in the PTO matrix than did the 2-2-type composite reveals weak chemical bonding between the CFO nanoparticles and the PTO matrix at the interfaces. Accordingly, the Ti 3d e g subbands in the 0-3-type composite resemble those of the PTO powder more closely than the 2-2-type composite. The bottom panel in Fig. 5 displays the Ti L 3,2 -edge XMCD spectra of the 0-3-and 2-2-type composites and the PTO powder. Ti L 3,2 -edge XMCD reveals absence of the magnetic moment at the Ti sites in the 0-3-and 2-2-type composites, as in the bare PTO powder. In contrast, Garcia-Barriocanal et al. 24 observed induced magnetic moment at the Ti sites in the interface region of the LMO-STO epitaxial system and argued that it was caused by the interaction between Ti and Mn bands at the interface. The discrepancy may be due to the different electronic structures between the CFO-PTO composites and the LMO-STO epitaxial system. Based on the above results, the lower magnetic moment in the composites is closely related to the compressive strain of CFO. The compressive strain of CFO in the composites was clearly observed in the XRD study. Three main causes of the reduction of the magnetic moment in the CFO-PTO composites due to AFM interaction are possible. They are (i) the migration of cations between the A and B sites in CFO, (ii) charge transfer between Co/Fe and Ti cations at the interface and (iii) the formation of APBs. 25 Cause (i) can be excluded, because there is no signature of the migration of cations from A to B sites (or vice versa) obtained from EXAFS and XMCD studies for the composites. The Ti L 3,2 -edge XMCD study also ruled out cause (ii), i.e., charge transfer between Co/Fe and Ti cations at the interface. On the other hand, Margulies et al. 25 found that APBs, or stacking defects, are an intrinsic consequence of the nucleation and growth mechanism of spinel films (Fe 3 O 4 on MgO); they can significantly affect the magnetic properties and depend strongly on the strain that is caused by the lattice mismatch in the spinel films. Fig. 6 schematically depicts the mechanism of magnetic orderings in the samples. Fig. 6(a) ) have oppositely directed spins because of the AFM interaction between the A and B-sites. Fig. 6(a) also illustrates that the bare CFO powder favors the in-phase domain structure, in which cations in one domain are FM-coupled (parallel) to those in another domain. Fig. 6 (b) and 6(c) present the magnetic structures of the 0-3-and 2-2-type composites, respectively. A-and B-site cations have oppositely directed spins whereas all cations at the A-site are FM-coupled, so are those at the B-site. Fig. 6 (b) and 6(c) further indicate that due to compressive strain in the 0-3-type and 2-2-type composite, respectively, converts some of the in-phase domain structure that is found in the bare CFO powder to an anti-phase domain structure. In the anti-phase domain structure, the cations in one domain are AFM-coupled (antiparallel) with the cations in other domains.
Based on the above results, the strengthening of the AFM interaction by the formation of APBs may reasonably explain why the saturation magnetization in the 0-3-and 2-2-type composite are lower than that in the CFO powder. The APBs formation is more dominating in 2-2-type compared to 0-3-type due to larger compressive stain [see Fig. 6 (b) and 6 (c)]. Therefore, the effect of the strain that was caused by the different geometries of the segregated phases is to form APBs in the 0-3-and 2-2-type composites, which further influences their magnetic properties.
Conclusion
In summary, the magnetic properties of the CFO-PTO composites were investigated using XANES, EXAFS, XMCD and ESMH. The EXAFS study confirms the mixed-spinel structure of CFO. The effect of redistribution of cations or Ti ions in the PTO matrix on the magnetic properties of the composites was ruled out by the Co and Fe K-edge EXAFS, Co, Fe and Ti L 3,2 -edge XMCD. The present results further support the finding that a significant reduction of the magnetic moments in the CFO-PTO composites is most likely caused by the formation of APBs, which could be generated by the compressive strain in CFO in the PTO matrix. A larger compressive strain and the formation of more APBs were observed in the 2-2-type than the 0-3-type composite.
